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TeV-scale seesaw mechanisms are interesting due to their potential testability at existing collider
experiments. Herein we propose an E6-inspired model allowing a TeV-scale pseudo-Dirac singlet
neutrino seesaw mechanism with naturally sizeable Yukawa couplings of O(10−2). The model also
contains new U(1) gauge interactions (and associated Z′ bosons with which the singlet neutrinos
can be produced at colliders), typically long-lived colour triplet fermions, SU(2) doublet fermions,
and a complex scalar — potentially all at the TeV-scale. Additionally we identify three possible
explanations for the 750 GeV di-photon excess.
PACS numbers: 14.60.Pq, 12.10.Dm
I. INTRODUCTION
The seesaw mechanism [1–3] is an elegant way to
explain the observed small neutrino masses. For a
right-handed neutrino mass scale MN , the light neu-
trino scale is ∼ g2v2/MN , where v is the vacuum ex-
pectation value (vev) of the Higgs boson. However,
the natural scenario g ∼ 1 is impossible to test in
present-day experiments due to the ultra-high right-
handed neutrino mass scale. A TeV-scale MN can
only be achieved at the price of a tiny Yukawa cou-
pling g ∼ O(10−6). The situation is improved (but
still far above TeV-scale) in the Type II and Type III
seesaw mechanism variations (at least in the minimal
models) [4–11]. Alternatively, neutrino masses can
be generated at loop-level in radiative neutrino mass
models, first proposed in Ref. [12], where extra loop
suppression factors allow sizeable Yukawa couplings.
In this work, we explore a GUT-inspired possibility
which realises a TeV-scale seesaw mechanism with rel-
atively large Yukawa couplings, and with singlet neu-
trinos which can be tested at colliders.
From a grand-unified perspective, the existence of
right-handed neutrinos is motivated by anomaly can-
cellation of the U(1)B−L gauge symmetry, naturally
embedded into SO(10). The right-handed neutrino
mass scale then arises from the spontaneous break-
down of this symmetry. As we have noted, however,
this scenario is eminently untestable. If we instead
embed SO(10) into the E6 gauge group, a natural can-
didate for the unified gauge group of string theory (see
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e.g. Ref. [13, 14]), an additional U(1)ψ may exist.
Anomaly cancellation then requires an extra singlet
fermion and a 5+5¯ of the SU(5) ⊂ SO(10). If the ad-
ditional U(1)ψ is broken at a very high energy scale,
then the original seesaw scenario is recovered. How-
ever, the presence of an extra singlet fermion opens
up a new possibility for the neutrino mass genera-
tion: the right-handed neutrino singlet together with
the extra singlet can form a Dirac mass term (which
could be TeV scale). Small neutrino masses can then
arise purely from the suppression of (multiple pow-
ers of) the relatively heavy Dirac mass, or together
with dimensionally suppressed couplings of one of the
singlets to SM fermions.
This paper is set out as follows. In Sec. II we de-
scribe the model of interest and its low energy mat-
ter content based on SU(5)×U(1)χ×U(1)ψ, inspired
by the E6 grand unification group. In Sec. III we
describe the pseudo-Dirac seesaw neutrino mass gen-
eration mechanism. In Sec. IV and V we sketch the
TeV-scale phenomenology and possible explanations
for the 750 GeV di-photon excess at the LHC. We
conclude in Sec. VI.
II. THE MODEL
The high scale symmetry breaking pattern follows
E6 → SO(10)×U(1)ψ
→ G5 ≡ SU(5)×U(1)χ ×U(1)ψ . (1)
The SM fermions are embedded in a 27 representation
of the E6 group, which also contains two singlets and
5+5¯ of the SU(5) subgroup. Two electroweak-scale
doublets are embedded in a scalar 5+5¯ of the SU(5)
originally contained also within a 27 of E6. The quan-
tum numbers of the relevant fields are given in Table I.
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2The SM Yukawa interactions arise from 27 27 27 in
the E6 model, which decomposes to the subgroup G5
partly as
LYuk ⊃ gu ψSM10 ψSM10 H5 + gd ψSM10 ψSM5¯ H5¯
+ gν ψ
SM
5¯ NH5
+ g′1 ψ
10
5¯ N
′H5 + g′2 ψ
10
5 N
′H5¯ , (2)
where family indices are omitted. All Yukawa cou-
plings are treated as free parameters since we only
consider an E6-inspired model. Since the beyond SM
states have not been observed, we postulate that they
acquire a sufficiently large mass via
Lmass = 〈Φ1〉ψ105 ψ105¯ + 〈Φ2〉NN ′ , (3)
where Φ1 arises from the scalar 27 of E6, and Φ2 be-
longs to a 351 of E6. The quantum numbers of both
Φ1 and Φ2 are included in Table I. Apart from the
trivial dimension 4 scalar terms, the dimension 3 term
LD3 = κΦ1H5H5¯ (4)
is also allowed, which softly breaks an extra global
U(1) symmetry. At this point, the usual seesaw
scenario may already be achieved due to a dimen-
sion 5 term (Φ∗1)
2N ′N ′/MPl. Integrating out the N ′
gives the right-handed neutrino N a Majorana mass
of order 〈Φ2〉2MPl/〈Φ∗1〉2, which is ∼ 1014 GeV if
〈Φ1〉 ∼ MPl and 〈Φ2〉 ∼ 1016 GeV. In this paper,
however, we consider a new low-scale possibility, that
of 〈Φ1〉 ∼ TeV (and in some cases 〈Φ2〉 ∼ TeV), which
is of more phenomenological interest.
There is one last piece of the model before we pro-
ceed to discuss phenomenology. At dimension four
(Eq. 2), the coloured components of the ψ10
5,5¯
can only
decay via the off-shell coloured components of H5,5¯,
whose masses are required to be at least at the GUT
scale to avoid fast proton decay. In the optimistic case
of a three-body decay to SM+N ′, the decay width
ΓD4ψ10
5,5¯
. 1
32pi3
〈Φ1〉5
M4GUT
(5)
is O(10−52) GeV for 〈Φ1〉 ∼ TeV. This is plainly
miniscule. At dimension 5 there exists the term
LD5 ⊃ 1
Λ
Φ∗1Φ
∗
2ψ
10
5 ψ
SM
5¯ , (6)
where Λ is some UV suppression scale. Eq. 6 induces
mixing between ψ105 and the SM particles and allows
two-body decays with
ΓD5ψ10
5,5¯
' |f2|
2
32pi
〈Φ1〉 , (7)
E6 SU(5) U(1)χ U(1)ψ
ψSM10
27
10 −1 1
ψSM5¯ 5¯ 3 1
N 1 −5 1
ψ105 5 2 −2
ψ105¯ 5¯ −2 −2
N ′ 1 0 4
H5
27
5 2 −2
H5¯ 5¯ −2 −2
Φ1 1 0 4
Φ2 351 1 5 −5
Φ3 78 1 5 3
TABLE I: The fermionic and scalar matter content
and their quantum numbers under E6 and G5.
where f2 ≡ 〈Φ2〉/Λ quantifies the mixing. We have
assumed the vevs of Φ1,2 are real so that we can take
〈Φ∗1,2〉 = 〈Φ1,2〉 for simplicity. The lifetime of ψ105,5¯
must be . 1 s to avoid destroying the success of big
bang nucleosynthesis (BBN). This condition is only
marginally satisfied with 〈Φ2〉 ∼ TeV and Λ ∼MGUT.
To relax this restriction, we can incorporate a scalar
field Φ3 (belonging to a 78 of E6) into the model,
whose quantum numbers are listed in Table I. This
extra scalar opens up additional two-body decay chan-
nels for ψ10
5,5¯
via
LD5 ⊃ 1
Λ
[
Φ1Φ
∗
3ψ
10
5 ψ
SM
5¯ + Φ3ψ
SM
10 ψ
10
5¯ H5¯
]
, (8)
and modifies the total decay width to
ΓD5ψ10
5,5¯
' |f2 + f3|
2
32pi
〈Φ1〉+ |f3|
2
32pi
〈Φ1〉, (9)
with f3 ≡ 〈Φ3〉/Λ. We have assumed the vev of Φ3 is
real as well. It is now possible to comfortably satisfy
the BBN constraint with both 〈Φ1〉 and 〈Φ2〉 at the
TeV-scale. Depending on the values of these vevs,
the decay of the TeV-scale coloured ψ10
5,5¯
components
can be stable, displaced, or prompt on collider length
scales.
To be clear, the presence of Φ3 is not a necessary
condition for the model to be viable. However we
find its inclusion interesting to consider, as it not
only eases the BBN restriction when 〈Φ2〉 ∼ TeV,
but also provides a variety of neutrino mass gener-
ation mechanisms and enriches the possible TeV-scale
phenomenology, as will be discussed. We will always
consider the vev hierarchy 〈Φ1〉 . 〈Φ2〉 when Φ3 is ab-
sent, and 〈Φ1〉 . 〈Φ2〉  〈Φ3〉 otherwise. Note that
the only non-trivial dimension 4 term involving Φ3 is
Φ1Φ1Φ2Φ
∗
3. This term breaks a global U(1) symme-
try under which only the Φ3 is charged, and will have
implications for the scalar sector.
3III. NEUTRINO MASS GENERATION
We now proceed to qualitatively discuss the neu-
trino mass generation in this model. We work in a sim-
plified scenario with flavour diagonal neutrinos and it
suffices to discuss only one generation of fermions.
The dimension 5 terms which contribute to the neu-
trino mass generation are
−LD5 ⊃ 1
Λ
[Φ2Φ3NN + Φ
∗
1Φ
∗
1N
′N ′ + Φ2Φ∗3N
′N ′
+ Φ∗3ψ
SM
5¯ N
′H5 + (Φ∗1Φ
∗
2 + Φ1Φ
∗
3)ψ
10
5 ψ
SM
5¯
+ Φ3ψ
10
5¯ NH5 +Φ3ψ
10
5 NH5¯
]
. (10)
Together with Eqs. 2 and 3, we can write down the
mass matrix for all the neutral states in the basis of
(νL, N,N
′, χ5¯, χ5), with χ5,5¯ being the neutral com-
ponents of ψ10
5,5¯
; for one generation of fermions,
0 · · · ·
gν
vu√
2
f3〈Φ2〉 · · ·
f3
vu√
2
〈Φ2〉 f1〈Φ1〉+ f3〈Φ2〉 · ·
0 f3
vu√
2
g′1
vu√
2
0 ·
f23〈Φ1〉 f3 vd√2 g′2
vd√
2
〈Φ1〉 0
 , (11)
where f23 = f2 +f3, 〈H5,5¯〉 = 1√2 (0, 0, 0, 0,±vu,d) and
only the lower part of the symmetric matrix is shown.
We will assume the vevs of Φi real without loss of
generality. After diagonalising the mass matrix, we
have two pairs of pseudo-Dirac fermions of masses ∼
〈Φ1,2〉 and one light neutrino whose mass is expressed
up to O(fi) and O(v4i ) as
mν '− f3gνv
2
u
〈Φ2〉 +
f3g
2
νv
2
u
2〈Φ2〉 (12)
+
f1g
2
νv
2
u〈Φ1〉
2〈Φ2〉2 +
f23g
′
1gνv
2
u
〈Φ2〉 (13)
− g
′
1g
′
2g
2
νv
3
uvd
2〈Φ1〉〈Φ2〉2 . (14)
Each line corresponds to a contribution from the fol-
lowing effective operators,
OD7 : ψSM5¯ ψSM5¯ H5H5Φ∗2Φ∗3 , (15)
OD9 : ψSM5¯ ψSM5¯ H5H5Φ∗1Φ∗1Φ∗2Φ∗2
ψSM5¯ ψ
SM
5¯ H5H5Φ
∗
1Φ1Φ
∗
2Φ
∗
3 , (16)
OD10 : ψSM5¯ ψSM5¯ H5H5H5H5¯Φ∗1Φ∗2Φ∗2 , (17)
suppressed by at most one power of Λ. The Feyn-
man diagrams for each contribution are shown in
Fig. 1. Clearly, even without Φ3 an appropriate neu-
trino mass can still be achieved by Eq. 14 (Fig. 1e)
gν
ψSM5¯
f3
ψSM5¯
H5 H5
N N ′
〈Φ2〉
(a) OD7: linear seeaw
gν
ψSM5¯ gν
ψSM5¯
H5 H5
N N
f3〈Φ2〉
(b) OD7: inverse seesaw
ψSM5¯ gν gν
ψSM5¯
H5 H5
N N ′ N ′ N
〈Φ2〉 f1〈Φ1〉 〈Φ2〉
(c) OD9: classic seesaw
ψSM5¯ gν
ψSM5¯
H5 H5
N N ′ ψ
10
5¯ ψ
10
5
〈Φ2〉 g′1 〈Φ1〉 f23〈Φ1〉
(d) OD9: linear seesaw
g′1
gν
ψSM5¯
g′2 gν
ψSM5¯
H5 H5 H5¯ H5
N N ′ ψ
10
5¯ ψ
10
5 N ′ N
〈Φ2〉 〈Φ1〉 〈Φ2〉
(e) OD10: generalized seesaw
FIG. 1: Feynman diagrams contributing to the light
neutrino mass. The vevs are assumed real.
alone with g2νg
′
1g
′
2 ∼ (10−2)4 and 〈Φ2〉 ∼ TeV. This
contribution can be interpreted as a generalised see-
saw mechanism. If Eq. 14 is not dominant, we arrive
at various interesting seesaw mechanisms. The two
terms in Eq. 12 arise from Figs. 1a and 1b, and have
an origin in the same spirit as those of the linear [15]
and inverse [16, 17] seesaw mechanisms, respectively.
The first term in Eq. 13, shown in Fig. 1c, repre-
sents the usual seesaw mechanism that is dominant
for 〈Φ1〉 & MGUT and suppressed for 〈Φ1〉 ∼ TeV.
The second term in Eq. 13, shown in Fig. 1d, is yet
another linear seesaw mechanism, receiving contribu-
tions from both dimension-9 operators.
4IV. PHENOMENOLOGY
This model provides rich phenomenology in various
aspects. In the next two sections we sketch this phe-
nomenology, saving a detailed study for future work.
The vector-like fermion fields ψ10
5,5¯
contain an SU(2)
doublet and a down-type colour triplet which ac-
quire masses from 〈Φ1〉 ∼ TeV. We will call these
L and D, respectively. They are testable at the
LHC. The vector-like lepton doublets are dominantly
pair-produced via the Drell-Yan process and can
be searched for at the LHC in multi-lepton final
states [18]. The limits heavily depend on their mix-
ing with SM charged leptons. Assuming mixing only
with the muon (tau), the limit on the mass of the
vector-like lepton is mL & 300 (275) GeV [19, 20]. As
discussed in Sec. II, the vector-like quarks can be rel-
atively long-lived. For 〈Φ1〉 ∼ TeV, the phenomeno-
logically distinct possibilities are
√
|f2 + f3|2 + |f2|2 &

3× 10−13 for τD . 1 s
2× 10−10 for cτD . 10 m
2× 10−7 for cτD . 1 mm
,
(18)
defining collider stable, displaced, and prompt decays
at the LHC, respectively. They will be predominantly
pair-produced via gluon fusion, and will either escape
the detector leaving charged tracks with large ionisa-
tion energy loss if collider stable, or be stopped in the
detector and decay out of time in the case of low trans-
verse momentum. Both have been searched for at the
LHC [21–24] and the most stringent bound is set by
the former, requiring mD & 845 GeV if cτD & 10 m.
In the displaced regime, searches for displaced jets
[25, 26] are applicable, and the lower limit on mD
is roughly 800–1000 GeV for 1 mm . cτD . 10 m
[27, 28]. In the case of prompt decay to third genera-
tion quarks, i.e. D → Wt, Zb, and Hb, the bound is
mD & 580–730 GeV [29].
There are potentially testable Z ′ bosons in the
model [30, 31]. If Φ3 is absent, 〈Φ1,2〉 will break the
two U(1) symmetries and both Z ′ bosons can acquire
masses near the TeV-scale. When Φ3 is present, only
one of the Z ′ bosons is at the TeV-scale; it is equiv-
alent to Z ′η appearing in the literature. These heavy
Z ′ bosons can be searched for in events with di-lepton
final states at the LHC, and the current best limit
is mZ′ & 2.8 − 3.1 TeV for g′ '
√
5
3g tan θW in the
absence of exotic decay modes [32]. Depending on
the mass spectrum, the Z ′ bosons can also decay into
pairs of pseudo-Dirac singlet neutrinos, or pairs of
ψ10
5,5¯
states.
The admixture of N ′ in the νL state is VlN ′ '
gνvu/〈Φ2〉, which can be experimentally probed at
colliders and in lepton-number violating processes if
gν is sufficiently large [33]. Specifically, for a heavy
neutrino mass . 300 GeV, 8 TeV LHC searches set
an upper limit of gν . 1.0 for mixing purely with νe
[34, 35]. Sensitivity is expected to improve by an order
of magnitude at LHC Run 2 [36]. Besides this clas-
sical electroweak search, N and N ′ can also be pair
produced via s-channel Drell-Yan-like processes fea-
turing the heavy Z ′ gauge bosons, whose production
cross section is not suppressed by any small mixing.
As for leptogenesis, the lepton asymmetry is washed
out by the process N ′N ′ → H5H5¯ through t-channel
ψ10
5,5¯
exchange (see Fig. 1e) with a rate
Γ ∼ g′12g′22
T 3
〈Φ1〉2  H ∼
T 2
MPl
(19)
at T ∼ 〈Φ2〉, where H is the Hubble constant and T
is the temperature. Given the TeV-scale scalar sector,
however, electroweak baryogenesis is a possibility.
We now turn to the scalar sector. For simplicity
we consider a scalar sector with only H5,5¯ and Φ1,
i.e. with both Φ2 and Φ3 (if it is present) heavy and
thus decoupled at low energy. The potential for this
two-Higgs-doublet plus singlet model is
V = m211H†5H5 +m222H†5¯H5¯ +m2ΦΦ∗1Φ1
+
λ1
2
(
H†5H5
)2
+
λ2
2
(
H†
5¯
H5¯
)2
+
λΦ
2
(Φ∗1Φ1)
2
+ λ3
(
H†5H5
)(
H†
5¯
H5¯
)
+ λ4
(
H†5H
†
5¯
)
(H5¯H5)
+
(
λ1Φ H
†
5H5 + λ2Φ H
†
5¯
H5¯
)
Φ∗1Φ1
−
(
κ H5H5¯Φ1 +
1
2
ξ2 Φ1Φ1 + h.c.
)
, (20)
where the ξ2 term only appears when Φ3 is present
(from the dimension 4 term Φ1Φ1Φ2Φ
∗
3). Note that
κ → 0 and ξ2 → 0 are each technically natural lim-
its associated with the reinstatement of a global U(1)
symmetry, thus each may be naturally small. Apart
from the singlet scalar and its mixing with the dou-
blets, the rest of the potential is actually the well-
studied Type II 2HDM which is subject to limits from
B → Xsγ, H/A→ τ±τ∓, and the measured Higgs bo-
son properties. These constraints put the model “nat-
urally” in the following setup [37]: m211 < 0, m
2
22 > 0,
and m2Φ < 0, with m22 & 480 GeV to satisfy the
B → Xsγ constraint [38, 39]. The vevs of the scalars
5Φ1
Φ1
H5
H5
ψ105¯
N
ψ105¯
ψ105
Φ1
Φ1
H5
H5
ψ105¯
ψ105¯
ψ105
FIG. 2: Notable corrections to λ1Φ. Similar
diagrams exist for λ2Φ.
are approximately
vΦ '
√
2 (−m2Φ + ξ2)
λΦ
, (21)
vu '
√
2
λ1
(
−m211 − λ1Φv2Φ +
√
2κvΦ
)
, (22)
vd ' vu
( √
2 κ vΦ
2 m222 + λ2Φv
2
Φ + (λ3 + λ4)v
2
u
)
. (23)
To avoid an unnatural (and radiatively unstable) can-
cellation for vu we require | − λ1Φv2Φ +
√
2κvΦ| .
λ1v
2
u, which for vΦ ∼ TeV is satisfied for λ1Φ . 0.1
and κ . 10 GeV, implying a moderate to large
tanβ ≡ vu/vd & 5. The mass spectrum in the limit
m222  λ2Φv2Φ, (λ3 + λ4)v2u is then approximately
m2S ' −m2Φ + ξ2 , m2h ' λ1v2u , (24)
m2a ' ξ2 , m2A ' m222 , (25)
m2H± ' m222 , m2H ' m222 . (26)
We note that this setup gives an automatic alignment
limit [40] in which H5¯ has a small h admixture ≈
1/ tanβ and h appears SM-like. To be clear, if Φ3 is
not present, ξ2 = 0 and the CP-odd scalar a is eaten
by one of the Z ′ bosons.
V. DI-PHOTON EXCESS
Inspired by the 750 GeV di-photon excess recently
observed at the LHC [41, 42], we identify here the re-
gions of model parameter space which might explain
it. Again, we only aim to sketch the possible expla-
nations, with a detailed phenomenological study left
for future work. For an overview of the excess see
Refs. [43, 44], which we cite for the henceforth use of
relevant quantities such as required widths.
Either the neutral CP-even scalar S or the CP-odd
scalar a can be identified as the resonant state respon-
sible for the excess. The couplings of S (a) with up
to three copies of the vector-like quarks and vector-
like lepton doublets are taken as free parameters yD
and yL (iγ
5yD and iγ
5yL), respectively.
1 The loops
of vector-like quarks generate an effective coupling of
S (a) to gluons by which it is produced at the LHC
via gluon fusion. To explain the signal (and escape
dijet constraints) in models where the width to gg
dominates requires 10−6 . Γgg/mS(a) . 10−3, which
is achieved for three copies of D with 0.2 . yD . 6
(0.1 . yD . 4) if mD = yDvΦ ≈ TeV.
After production, S or a must decay with the re-
quired branching ratio to give the di-photon signa-
ture. Before we discuss this decay, we mention here
a few possible decay modes which are significantly
constrained by experiment and must be sufficiently
suppressed. In the CP-even S case, constraints from
S → WW searches require the doublet admixture in
S to satisfy λ1Φ,2Φvu,d/(λΦvΦ) . 10−2, which implies
λ1Φ . 0.04 and λ2Φ . 0.04 tanβ for λΦvΦ ≈ TeV. As
well, decay to hh is constrained as
Γ(S → hh) ' (λ1ΦvΦ)
2
32pimS
. 20 Γ(S → γγ). (27)
For Γ(S → γγ)/mS ∼ 10−6 and vΦ ≈ TeV this trans-
lates to λ1Φ . 0.03. Conservatively taking the same
bound for the S → Hh decay (if it is allowed) lim-
its κ . 50 GeV, which is already satisfied. Thus we
require λ1Φ,2Φ . 10−2 in order to be phenomenolog-
ically safe. These couplings receive radiative correc-
tions from the diagrams in Fig. 2. Thus they can
indeed be as small as O(10−2) without too much
fine-tuning, even for yD,L Yukawa couplings of O(1).
Turning to the CP-odd a case, there is no strong
limit from WW or hh on the λ1Φ,2Φ. The a inher-
its couplings to the SM fermions primarily through
its
√
2Im(H5¯) admixture ≈ (v/vΦ) cotβ. It will then
couple to the SM τ, b (t) fermions with a strength
iγ5ySMτ,b v/vΦ (iγ
5ySMt cot
2 β v/vΦ). The decay to ττ
is constrained as
Γ(a→ ττ) ' (y
SM
τ v/vΦ)
2ma
8pi
. 6 Γ(a→ γγ). (28)
For Γ(S → γγ)/mS ∼ 10−6 this translates to
(v/vΦ)
2 . 1.4, which is clearly not a problem. In prin-
ciple a can also decay to Zh through mixing, but this
1 These Yukawa parameters should be unified at the GUT scale
as in Eq. 3. They are typically split under renormalisation
group evolution so that yD > yL at low scale.
6γ
γ
γ
γ
g
g
S
a
a
FIG. 3: Feynman diagram for the 750 GeV
di-photon excess, where the effective interactions
between scalars and gauge bosons are denoted with
blue crosses.
coupling is suppressed due to the automatic alignment
limit. It is now left to reproduce a γγ signal from the
resonant decay. We suggest three possible scenarios.
(1) If Φ3 is absent, a will be the Goldstone boson
eaten by a TeV-scale Z ′ ' (Zψ + Zχ)/
√
2 with mass
∼ g′〈Φ1〉 and S can potentially be identified with the
750 GeV resonance. In the absence of additional de-
cay modes, the signal is fitted with Γγγ/mS ' 10−6.
It is possible to generate this width via L and D
loops. If mD ≈ TeV and we include three vector-like
fermion copies, then the minimal values which work
are yD ≈ 2.3, and yL ≈ 0.9, with vΦ ≈ 430 GeV. This
occurs when mL is marginally above the 375 GeV pair
production threshold. It is difficult to see how this
scenario could be accommodated without having ob-
served the Z ′. As well, for mS ≈ 750 GeV we must
have λΦ & 1.7, and a Landau pole is of great concern,
especially given we are motivated by grand unifica-
tion.
(2) If Φ3 is present, ξ
2 must be non-zero to avoid
a massless goldstone mode. If ξ2 ≈ (750 GeV)2,
then a could be the 750 GeV resonance. In fact,
for a, Γγγ/ma ∼ 10−6 can be minimally achieved
for mD ≈ TeV, yD ≈ 1.3, and yL ≈ 0.5, with
vΦ ≈ 770 GeV. These Yukawa values are within the
realm of possibility from a grand-unified perspective.
In addition, if ξ2  −m2Φ, it is possible that S and a
are both present at 750 GeV and appear as a single
broad resonance.
(3) Instead, it could be that m2a ' ξ2  −m2Φ,
say below the GeV-scale. The S → aa decay mode,
through the quartic coupling λΦ (Φ
∗
1Φ1)
2
, will then
easily dominate. The decay width is
Γaa ' (λΦvΦ)
2
32pimS
∼ λΦ
16pi
mS , (29)
which can imply a broad resonance, of order per
cent, if λΦ ∼ 1. Subsequently a can decay to a
pair of photons through loops of D, L, and SM
fermions. The a → γγ decay mode can be dominant
for ma < 2mµ ≈ 210 MeV. At this point, however,
the lifetime is non-negligible, of O(1 cm). Still, as
long as a decays before the electromagnetic calorime-
ter, the 750 GeV di-photon excess is recreated via
gg → S → aa → (γγ)(γγ), with the highly colli-
mated (and displaced) photon pairs reconstructed as
single prompt photons, as shown in Fig. 3. In this sce-
nario, it is likely that many events are lost due to a
decaying outside the detector, and insufficient trigger-
ing for displaced events. Even so, since this final state
branching ratio can be ≈ 100% even for a large pro-
duction cross section via gluon fusion, a low efficiency
can be tolerated. The displaced a decay to ee will be
constrained by searches for displaced leptonic jets ap-
pearing at the edge of the electromagnetic calorimeter
[45, 46], however it has been noted that this displaced
decay channel has the capacity to itself fake a prompt
photon [47, 48]. Lastly, note that although similarly
light pseudoscalars are excluded by meson decays and
fixed target experiments unless mixing with the SM
fermions is . 10−4 [49], the cot2 β suppression of the
a coupling to up-type quarks (which appear in the
loop in meson decays) opens up gaps in experimental
coverage in the region of interest.
VI. CONCLUSION
We have proposed an E6 inspired
GSM×U(1)χ×U(1)ψ gauge group model in which a
TeV-scale seesaw mechanism can be naturally realised
without invoking extremely small Yukawa couplings.
In addition to the SM fermions, the fermionic sector
consists of (three copies of) a vector-like down-type
quark, a vector-like lepton doublet, and a pair of
SM singlets, embedded in a 27 of E6. The scalar
sector contains two Higgs doublets and two or three
additional scalar SM singlets Φ1, Φ2 and (optionally)
Φ3, arising from a 27, 351 and 78 of E6, respectively.
Φ1 gives mass to the exotic vector-like fermions, while
Φ2 forms a Dirac mass term with the two singlet
fermions. The two U(1) groups are broken by 〈Φ1,2,3〉,
and it is possible that they survive down to the TeV-
scale. The neutrino mass generation manifests in
different regions of parameter space as various types
(or a combination) of seesaw mechanisms including a
classic seesaw, linear seesaw, and inverse seesaw. The
Yukawa couplings for the neutrinos gν can naturally
be sizeable, of O(10−2), to generate the observed
neutrino masses with 〈Φ1,2〉 ∼ TeV; then there exists
a pseudo-Dirac neutrino pair at the TeV-scale. Even
if 〈Φ2,3〉  TeV and the pseudo-Dirac neutrino
pair decouples, the scalar modes within Φ1, and the
vector-like down-type quarks and leptons are still
relevant to TeV-scale physics as long as 〈Φ1〉 ∼ TeV.
We have also sketched the rich TeV-scale phe-
nomenology of the model. The two additional U(1)
gauge symmetries imply extra Z ′ bosons which could
7lie at the TeV-scale. These provide an extra chan-
nel to pair produce the pseudo-Dirac neutrinos at col-
liders. The (typically long-lived) vector-like down-
type quarks and the lepton doublets can also be
tested. Lastly we noted three possible explanations
for the recently observed 750 GeV di-photon excess:
a weakly coupled model with gg → S → γγ, where
S ' √2Re(Φ1); a weakly coupled model with gg →
a → γγ, where a ' √2Im(Φ1); and the unsup-
pressed decay of S to a pair very light pseudoscalar
states which subsequently decay to (displaced) colli-
mated di-photons reconstructed as prompt photons,
gg → S → aa→ (γγ)(γγ).
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